American foulbrood is one of the most devastating diseases of the honey bee. It is caused by the spore-forming, Gram-positive rod-shaped bacterium Paenibacillus larvae. The recent updated genome assembly and annotation for this pathogen now permits in-depth molecular studies. In this paper, selected techniques and protocols for American foulbrood research are provided, mostly in a recipe-like format that permits easy implementation in the laboratory. Topics covered include: working with Paenibacillus larvae, basic microbiological techniques, experimental infection, and "'omics" and other sophisticated techniques. Further, this chapter covers other technical information including biosafety measures to guarantee the safe handling of this pathogen.
1.
Introduction 3
2.
Working with Paenibacillus larvae a draft of the P. larvae genome was published at an estimated 5-6x
coverage (Qin et al., 2006) . Last year, this coverage was further extended and the genome sequence was further annotated with a combination of bioinformatics and proteomics (Chan et al., 2011) .
These efforts will certainly help to usher in the next level of research for this economically important pathogen, ultimately allowing us to better understand the intimate relationship between the pathogen and its host. More generally, the honey bee / AFB system provides a wealth of opportunities and tools for addressing basic questions regarding microbe-microbe interactions, host immunity, strain virulence, and horizontal transmission, among others.
In the present paper, selected techniques and protocols in American foulbrood research are provided, mostly in a recipe-like format that permits easy implementation in the laboratory. The different topics that are covered include: working with Paenibacillus larvae, basic microbiological techniques, experimental infection and "'omics" and other sophisticated techniques. Thus, the chapter covers a broad set of technical information going from biosafety measures to guarantee the safe handling of this pathogen to the expression of heterologous proteins in P. larvae. Techniques exclusively related to the diagnosis of AFB are not included as they have been reviewed elsewhere (de Graaf et al., 2006a; OIE, 2008) .
Working with Paenibacillus larvae

Biosafety measures
In some countries, microbial species are categorized in different classes based on biosafety risk. Each biosafety risk class has its own recommendations with respect to facility design, safety equipment, and working practices (de Graaf et al., 2008) . This classification mostly takes into account the risk for human health, potential for dispersal of the disease, and the potential economic impact of the disease. However, a generally accepted biosafety risk classification has not been prescribed for P. larvae. Consideration of the severity of clinical American foulbrood infections in honey bee colonies, the contagiousness, the longevity of the spores, the legal context of AFB (a notifiable disease), and the economic value of honey bee pollination services, justifies P. larvae classification as an organism with 'high biosafety risk for animals'. 
Strains
Various P. larvae strains can be obtained from bacterial culture collections. However, many of these collection agencies store exactly the same strains but with their own strain designations. This fact is relevant when comparing different P. larvae strains for research purposes, or when using strains as positive controls in diagnosis or species identification. Table 2 shows many of the important strains that are available in these culture collections and shows some alternate designations. With regard to obtaining strains, it should be noted that certain countries have import/export and interstate transport shipping regulations regarding the movement and storage of this pathogen (http://www.biosafety.be/RA/Class/ListBact.html). Table 1 . Biosafety rules mainly in accordance to the Belgian model; http://www.biosafety.be/. As this model is very restrictive, we have indicated the rules that are minimally (M) required. The other biosafety rules should be considered optional depending on the demands of the responsible authority.
Topic Measurement
Facility design -The laboratories are physically separated from other work areas in the building.
-The access to the laboratories are locked if the zone or corridor access is not reserved. The doors have automatic closing if they open directly into a public area.
-(M) The furniture has been designed to allow easy cleaning and disinfection, and easy insect and rodent control.
-(M) There is a sink for washing and decontamination of hands in the laboratory.
-(M) There are coat hooks or a dressing room equipped with protective clothing. Normal clothing and protective clothing should remain separated.
-(M) The tables are easy to clean, water impermeable and resistant to acids, alkalis, organic solvents, disinfectants and decontamination agents.
Safety equipment
-If the laboratory is equipped with a microbiological safety cabinet (MSC) of class II, it must be localized as such that it does not disturb the air flow in the room. It should be kept at a sufficient distance from windows, doors, and places with frequent passage, vents for air intake or outlet. The MSC should be checked and certified upon purchase or relocation, as well as at least once a year afterward.
-There is an autoclave available in the building if the biological waste and/or biological residues shall be inactivated by steam sterilization.
-The centrifuge that will be used is available in the containment zone. If this is not the case, and centrifugation is done outside the containment zone, the tubes and the rotors should be free of leaks.
Working practices
-Access to laboratories is restricted to persons approved by the responsible authority, and these persons have been informed of the biological risk.
-Laboratory doors should display: the biohazard sign, the containment level (if applicable), the coordinates of the controller.
-(M) Protective clothing is worn. This protective clothing should not be worn outside the laboratory.
-There are gloves available for staff.
-The windows must remain closed during experiments.
-(M) Viable (micro-) organisms must be physically contained in closed systems (tubes, boxes, etc.), when they are not being manipulated.
-(M) Splashes or aerosols should be minimized, and their spread must be controlled by appropriate equipment and work practices.
-In no case may a horizontal laminar flow cabinet used for manipulation of pathogenic organisms.
The COLOSS BEEBOOK: American foulbrood  Add 20 ml 10% glucose (autoclaved separately).
BHI agar:
 Suspend 47 g brain heart infusion agar (Oxoid CM1136) in 1 litre of distilled water.
 Autoclave at 121°C for 15 min.
 Add 1 mg thiamine hydrochloride per litre.
CSA-agar:
 Dissolve 39 g Columbia blood agar base (Oxoid CM0331) in 1 litre distilled water.
 Autoclave at 121°C/15 min.
 Supplement with 50 ml sterile defibrinated blood (at 50°C).
T-HCl-YGP (per litre):
 15 g yeast extract 
Genotyping
The availability of standardized techniques that allow the discrimination of different P. larvae strains is essential for studying the epidemiology of AFB. This will allow scientists to identify outbreaks of the disease, determine the source of infection, determine the relationship between outbreaks, recognize more virulent strains, and monitor prevention and treatment strategies.
To date different techniques have been used in order to evaluate the diversity of P. larvae isolates. Some of them are based on the analysis of phenotypic characteristics, such as study of cell and colony morphology, analysis of whole bacterial proteins by SDS-PAGE or biochemical profile, among others (Hornitzky and Djordevic, 1992; Neuendorf et al., 2004; de Graaf et al., 2006a; Genersch et al., 2006; Antúnez et al., 2007) . During the last decade methods based on genetic analysis have gained more attention. Different strategies have been used to evaluate the genetic diversity of P. larvae, including
The COLOSS BEEBOOK: American foulbrood 7 restriction endonuclease fragment patterns (Djordjevic et al., 1994; Alippi et al., 2002) , pulsed-field gel electrophoresis (Wu et al., 2005; Genersch et al., 2006) , amplified fragment length polymorphism (de Graaf et al., 2006b ), ribotyping and denaturing gradient gel electrophoresis (Antúnez et al., 2007) . Nevertheless, some of these techniques differentiating P. larvae genotypes, have not been adopted by the scientific community.
An appropriate genotyping method should be highly discriminatory, but also demonstrate interlaboratory and intralaboratory reproducibility.
It should be easy to use and interpret (Genersch and Otten, 2003) .
For these reasons, the most utilized method is rep-PCR, or PCR amplification of repetitive elements (Versalovic et al., 1994) , although presently its reproducibility in other labs has not been proven. There are three sets of repetitive elements randomly dispersed in the genome of bacteria, enterobacterial repetitive intergenic consensus (ERIC) sequences, repetitive extragenic palindromic (REP) elements, and BOX elements (which includes boxA, boxB, and boxC). Primers to amplify those elements have been reported and proved to be useful for subtyping of Gram-positive and Gram-negative bacteria (Versalovic et al., 1994; Olive and Bean, 1999) .
rep-PCR has been widely used for the study of P. larvae (Alippi and Aguilar, 1998a, 1998b; Genersch and Otten, 2003; Alippi et al., 2004; Antúnez et al., 2007; Peters et al., 2006; Loncaric et al., 2009 ).
The most useful pair of primers are ERIC1R-ERIC2, which allowed the differentiation of four different genotypes (ERIC I, II, III and IV) (Genersch et al., 2006) . Genotypes ERIC I and II corresponds to the former subspecies P. l. larvae while genotypes ERIC III and IV corresponds to the former subspecies P. l. pulvifaciens (Genersch, 2010 (Genersch, 2010) . In order to enhance the discrimination of strains, the analysis using ERIC primers can be complemented with the use of other primers. The use of BOXA1R primer allowed the (Alippi et al., 2004; Antúnez et al., 2007) and three in Europe (Genersch and Otten, 2003; Peters et al., 2006; Loncaric et al., 2009) . Primers BOX B1 and BOX C1 did not amplify P. larvae DNA (Genersch and Otten, 2003) . When REP primers were used, four banding patterns were found in America and Europe although results could not be compared since different pairs of primers (REP1R-I and REP2-I and MBO REP1 primers) were used (Alippi et al., 2004; Kilwinski et al., 2004; Loncaric et al., 2009 2. Suspend a loopful of bacteria (2-3 colonies from an isolated area on the plate) into 500 µl MYPGP broth and centrifuge for 1 min at RT.
3. Remove the broth, suspend the pellet with 1 ml washing buffer (see recipe below), and centrifuge for 1 min at RT.
4. Remove the washing buffer.
5.
Completely suspend the bacterial cell pellet in 0.30 ml washing buffer + 0.05 ml Proteinase K (0.5 mg/ml).
6. Warm the suspension to 50°C.
7. Mix the suspension with an equal volume of melted 2%
SeaKem Gold agarose (prepared in washing buffer; Cambrex Bio Science Rockland, Inc., ME) at 50°C.
8. Quickly pipette into two wells of a plug mold (Bio-Rad Laboratories, Inc.) warmed to 37°C.
9. Solidify the plugs at 4°C for 30 min.
10. Remove the two plugs from the mold.
11. Add plugs to 5 ml preheated Proteinase K Solution in a 50 ml plastic culture tube.
12. Incubate overnight at 50°C with gentle agitation (shaker water bath). 13. Preheat 10 ml H 2 O and 40 ml TE80 buffer (see recipe below) to 50°C.
14. Wash plugs (use a sterile BioRad green screened caps; part #170-3711) with 10 ml 50°C H 2 O (add, swirl, and drain).
15. Wash plugs with 10 ml 50°C TE80 buffer 4X (15 min for each wash with gentle shaking). 2. Using a plastic ruler under the petri dish, cut two 2 mm slices from the plug with a sterile razor blade.
3. Place the two plug slices into 1 ml TE80 buffer in a 1.5 ml microcentrifuge tube.
4. Wash the slices 2X with 1 ml TE80 buffer (30 min for each wash with gentle agitation).
5. Quickly rinse the slices with 500 µl restriction digestion buffer (without restriction enzyme).
6. Add 100 µl of XbaI Digestion Mixture (see recipe below) and incubate 3 h at 37°C with gentle agitation.
7. Remove digestion mixture solution.
8. Rinse slices 2X with 1 ml 0.5X TBE Buffer (see recipe below).
9. Suspend the plug slices in 1 ml 0.5X TBE Buffer. 2. Add 1.0 g Seakem Gold agarose to 100 ml 0.5X TBE Buffer.
3. Carefully melt agarose in microwave oven. Save 5 ml (at 55°C) to seal the wells.
4. Assemble the gel forming tray, assure that the tray is level with the well comb in place, and pour melted agarose into forming tray (cool melted agarose to 55-60°C before pouring). 18. Perform electrophoresis in the Bio-Rad CHEF DR III system using the following electrophoresis run parameters: 
In vitro sporulation of Paenibacillus larvae
Paenibacillus larvae and Paenibacillus popilliae, "catalase-minus" paenibacilli as defined by the loop test (i.e. scraping growth from a slant or plate with an inoculating loop, placing into 3% H 2 O 2 , and examining for bubble formation), have the characteristic of sporulating efficiently in their insect hosts, but usually exhibit very poor sporulation when general in vitro growth conditions are used.
For P. larvae, suppression of in vitro sporulation has been postulated to result from oxygen toxicity (Dingman and Stahly, 1984) . Growth of strain NRRL B-3650 under limiting O 2 improves sporulation in liquid culture. Also, nutrient availability at time of sporulation has been shown to influence spore production (Dingman and Stahly, 1983) .
Procedures promoting effective sporulation of P. larvae on solid, and in liquid, growth media have been developed (Dingman, 1983) .
By limiting colony number, many strains have been observed to sporulate well on MYPGP agar plates (see section 3.1. for recipe).
However, Mueller-Hinton broth -one of its ingredients -was inhibitory to sporulation of strain NRRL B-3650 in liquid culture, rendering use of this growth medium in liquid form ineffective for sporulation. Development of a liquid growth medium (TMYGP; 1.5%
Difco yeast extract; 0.4% glucose; 0.1% sodium pyruvate; 0.03M Tris -maleate, pH 7.0; in distilled water) and conditions that aided sporulation of P. larvae NRRL B-3650 has been reported (Dingman and Stahly, 1983) . Unfortunately, other strains of this bacterium sporulated poorly, if at all, in this medium. However, Genersch et al. (2005) reported using the liquid part of Columbia sheep-blood agar slants for production of endospores from different P. larvae strains.
Following are protocols using solid and liquid media growth conditions for in vitro sporulation of P. larvae.
Sporulation on solid growth medium
1. Create a 2-fold dilution series of the P. larvae bacterial culture being studied using MYPGP broth and spread each dilution onto several MYPGP agar plates (see section 3.1. for recipe).
2. Incubate plates at 37°C for 6-7 days and select plates exhibiting 50 to 5,000 colonies per plate. Note: When high numbers of colonies are present on a plate, sporulation efficiency can decline. Also, maximum sporulation obtained in relation to the plate colony number will vary between bacterial strains.
3. During the 6-7 days of incubation, microscopically monitor cellular growth and sporulation via single colony analysis.
4. After incubation, remove spores from the surface of the agar medium by washing three times (5 ml sterile H 2 O per wash).
5. Combine the three washes. Once H 2 O is added to a plate, use gentle rubbing of the agar surface with the sterile glass pipette to loosen spores from the surface.
6. To produce a spore stock following removal of spores from a plate surface, concentrate the spore suspension via centrifugation (12,000 x g, 15 min, 4°C).
7. Discard the supernatant.
8. Suspend the resulting spore pellet in 30 ml cold sterile H 2 O.
9. Perform alternate centrifugation and pellet suspension four times.
10. Suspend the spore pellet in a final volume of 5 ml cold sterile
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11. Store at 4°C. Note: Spores must be removed from the solid growth medium for preservation. When left on the agar plates for extended time, heat-resistant counts decline rapidly (Dingman, 1983) . Also, long-term survival of washed spores that have been desiccated is not known.
12. Obtain spore concentration by heating a portion of the spore stock at 65°C for 15 min.
13. Perform serial-dilution plating onto MYPGP or T-HCl-YGP (Steinkraus and Morse, 1996) agar plates.
14. Incubate inoculated plates 6-7 days at 37°C to determine colony counts (i.e., spore counts). Alternatively, determine spore number by direct microscopic counting. Note: The latter will give an overestimation. Heat resistant spore counts are usually about 6% of direct microscopic spore counts (Dingman and Stahly, 1983) .
Sporulation in liquid growth medium
1. Inoculate TMYGP broth (6 ml in a 20 x 150 mm loosely capped screw-cap glass culture tube, see section 3.1. for recipe) with P. larvae NRRL B-3650. Note: Other bacterial strains must be tested separately because they may sporulate poorly in this medium and under these growth conditions.
2. Incubate the culture at 37°C in a rotary incubator shaker adjusted to 195 rpm. The culture tube is held at a 45° angle in a wire test tube rack during incubation and aeration.
3. Incubate for 3 to 4 days while microscopically monitoring cellular growth and sporulation. Other strains of P. larvae may require a longer incubation time for sporulation to occur.
Alternatively, see Genersch et al. (2005) for sporulation of P.
larvae in the liquid part of Columbia sheep-blood agar slants.
4. Collect and concentrate spores via centrifugation.
5. Wash the spores four times with 30 ml cold sterile H 2 O (as described in section 3.4.1.).
6. Suspend the washed spores in a final volume of 5 ml cold H 2 O.
7. Store at 4°C.
8. Obtain spore counts (i.e. heat resistant counts) by serialdilution plating of the spore suspension onto MYPGP plates following heating of the suspension at 65°C for 15 min or determine counts by direct microscopic counting.
Note: Heat resistant spore counts are usually about 6% of direct microscopic spore counts (Dingman and Stahly, 1983) .
Long term conservation of vegetative cells
Experimental work using P. larvae requires a readily available source of this bacterium in culture. However, P. larvae quickly dies in culture and some means of preserving an isolate must be used. Although short-term preservation works (see section 3.5. Use of ultra-low freezing of P. larvae in glycerol has been routinely used and cultures exceeding five years of storage at -80°C remain viable (Douglas W Dingman; personal observations). No known research regarding preservation of P. larvae by lyophilization has been published. However, Haynes et al. (1961) developed a method to preserve P. popilliae by lyophilization and Gordon et al. (1973) imply that this method can be used for P. larvae. The protocol long used to preserve P. larvae strains at the National Center for Agricultural Utilization Research (USDA-ARS Culture Collection; NRRL) is similar to that described by Haynes et al. (1961) for P. popilliae.
Short-term preservation
1. Weekly transfer of an isolate onto fresh growth medium.
2. Incubate for two days at 37°C.
3. Store at 4°C.
Preservation via ultra-low freezing
1. Inoculate MYPGP broth (see section 3.1. for recipe) using a fresh culture of P. larvae.
2. Grow overnight at 37°C with moderate aeration.
3. Growth in the morning should show light to moderate turbidity. Note: Turbidity should not reach the point where the culture has become opaque. A light turbidity will place the culture in early to mid-exponential growth. Also, growth can be washed from the surface of a solid medium using fresh liquid medium.
4. Examine the culture microscopically to gauge contamination while chilling the culture on ice (optional).
Add an appropriate volume of a sterile solution of 100%
glycerol to the culture to produce a bacterial suspension containing 20% glycerol (i.e. 0.25 ml of glycerol per 1.0 ml of culture).
6. Aliquot 0.5 ml of the bacterial / glycerol suspension into cryovials. Snap-top microcentrifuge tubes also work, but may result in faster loss of viability during storage.
7. Label and date the vials.
8. (Optional) Quickly freeze the aliquots in an ethanol/dry ice bath.
9. Place the bacterial suspensions in a pre-chilled storage box and store at -80°C.
Preservation via lyophilization
(J. Swezey, USDA-ARS Culture Collection (NRRL), Peoria , IL; personal communication)
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To prepare lyophilization vials:
1. Cut Pyrex glass tubing (6 mm diameter glass with 1 mm wall thickness) 15 cm long and seal one end by melting.
Plug the open ends of the vials with cotton.
3. Autoclave. Note: Ampules using rubber septa and aluminium sealing rings may be used as an alternative to the above three steps. However, use of these ampules increase costs and the vacuum may be lost over time.
4. After 2-3 days incubation of the bacterium from an agar slant/ plate, wash with sterile bovine serum (e.g. Colorado Serum Co., Denver, CO).
5. Place 0.1 ml aliquots of the cell/serum suspension into the sterilized vials, label, date.
6. Attach the vials to a lyophilizer apparatus.
7. Lower the vials into a solution of 50% ethylene glycol and 50%
water (chilled to -50°C with dry ice) to freeze the cell suspensions.
8. Turn on the lyophilizer vacuum pump.
9. Evacuate for 3 hours while letting the temperature of the glycol/water bath gradually warm to -4°C.
10. Lift the vials from the glycol/water bath.
11. Allow the outer surfaces to dry for 1 hour at RT.
12. Carefully cut the vials from the lyophilizer apparatus using a dual tip burner, running on natural gas and oxygen, to melt the upper portion of the glass vial while sealing the contents under vacuum.
13. Store sealed vials refrigerated in the dark.
Measuring susceptibility/resistance to antibiotics of Paenibacillus larvae
In some countries, the antibiotic oxytetracycline (OTC) has been used by beekeepers for decades to prevent and control AFB in honey bee colonies as an alternative to the burning of infected beehives in areas where disease incidence is high. However, the intensive use of tetracyclines in professional beekeeping resulted in tetracyclineresistant (Tc R ) and oxytetracycline-resistant (OTC R ) P. larvae isolates.
There is now general concern about widespread resistance involving horizontal-transfer via non-genomic (i.e. plasmid or conjugal transposon) routes and also induced resistance by the presence of sub-inhibitory concentrations of tetracycline (Alippi et al., 2007) .
P. larvae highly resistant phenotypes have been correlated with the presence of natural plasmids carrying different Tc resistance determinants, including tetK and tetL genes (Murray and Aronstein, 2006; Alippi et al., 2007; Murray et al., 2007) .
Most Paenibacillus species, including P. larvae, are highly susceptible to tetracyclines; it has been reported that the growth of P. larvae strains is inhibited at concentrations as low as 0.012 µg of oxytetracycline per ml of culture medium. Alternatively, when a disc containing 5 µg of oxytetracycline is placed on an agar plate previously spread with a bacterial suspension, the clear zones formed by the sensitive strains usually average 50 mm in diameter including the disc (Shimanuki and Knox, 2000) . Any reduction of the inhibition zone or an increase in the minimal inhibitory concentration (MIC) required to prevent the growth of P. larvae would be evidence of the development of resistant strains.
Determination of minimal inhibitory concentrations (MICs)
Microorganisms can be tested for their ability to produce visible growth on a series of agar plates (agar dilution), in tubes with broth (broth dilution), or in microplate wells of broth (broth microdilution) as percentage potency).
2. Store powders in sealed containers in the dark at 4°C with a desiccant unless otherwise recommended by the manufacturer.
3. Prepare antibiotic stock solutions by using the following formula:
Weight of powder (mg) = Volume of solvent (ml) X Concentration (µg/ml) Potency of powder (µg /mg) 4. It is recommended that concentrations of stock solutions should be 1,000 µg/ml or greater. In the case of tetracyclines, the tested concentrations can be achieved by using two stock solutions of 5,000 µg/ml and 1,000 µg tetracycline/ml in ethanol, stored at -20°C in darkness until used. 14. Incubate the plates in inverted position at 36°C ± 1 for 48 h.
15. After incubation, ensure that each tested strain has grown on the antibiotic-free plate control.
16. Read the MIC endpoint for each strain as the lowest concentration of antibiotic at which there is no visible growth.
The growth of one or two colonies or a fine film of growth should be disregarded.
Interpretation: for tetracyclines, P. larvae isolates should be When examining a population of bacteria, it is suggested to calculate their values of MIC 50 and MIC 90 (minimum concentration necessary to inhibit the growth of 50 and 90% of microorganisms tested respectively).
Determination of antibiotic susceptibility testing by the disc diffusion method
The disc diffusion method of antibiotic susceptibility testing is the most practical method for determining antibiotic susceptibility/resistance of microorganisms to different antimicrobial agents. The accuracy and reproducibility of this test are dependent on maintaining standard procedures. As there are no CLSI (formerly NCCLS) (www.clsi.org) nor EUCAST (www.eucast.org) recommendations for the determination of susceptibility/resistance of P. larvae by the disc diffusion method, a method developed for this species is described below.
For determining tetracycline resistance, the agar diffusion procedure can be employed, using MYPGP agar (see section 3.1. for recipe) and 5 µg tetracycline discs (Oxoid ® or BBL ® ). The discs can also be prepared in the laboratory by using S & S ® or similar sterile discs (6 mm in diameter) impregnated with 5 µg tetracycline per disc.
Preparation of discs
1. Prepare a stock ethanol solution containing 500 µg/ml of tetracycline as explained in section 3.6.1.
2. Pipette 10 µl of the stock solution onto each sterile disc.
3. Dry the discs in a sterile laminar flow cabinet.
4. Store in sterile containers at -20°C in darkness until used.
Note: Other tetracyclines (e.g., oxytetracycline) can be tested in the same way. Discs containing antibiotics other than tetracyclines should be prepared at the concentrations suggested by CLSI or EUCAST.
Preparation of plates
1. Dispense MYPGP-agar cooled below 50°C into sterile Petri dishes to give a level depth of 4 mm ± 0.5 mm (25 ml in 90 mm diameter Petri dish, 70 ml in 150 mm diameter Petri dish).
2. Allow the agar to set before moving the plates.
3. Prepared plates can be stored at 4-8°C in sealed plastic no more than 7 days before using.
The surface of the agar should be dry before use. Exposure bioassays (Genersch et al., 2005) are a reliable approach to determine virulence of different P. larvae strains in the laboratory.
Briefly, this experiment consists in:
1. Rear first-instar larvae from various colonies in 24-well plates, with 10 larvae per well.
2. Provide larvae with larval food mixed with a determined quantity of infectious spores during the first 24 hours.
Afterwards, larvae will receive normal food every day for the rest of the experiment. A control group receives normal larval diet throughout.
3. Each day dead larvae are recorded and examined for AFB infection.
Spore preparations for experimental infection can be performed as described under section 3.4. or as described below (Genersch et al., 2005 ):
1. Resuspend around 100 P. larvae colonies in 300 µl of brain heart infusion broth (BHI).
2. Inoculate on Columbia sheep blood agar (CSA) slants.
3. Incubate slants containing bacterial suspension at 37°C for 10 days or until sporulation has occurred.
4. Collect medium containing spores.
5. Calculate spore concentration in the medium in colony forming units after plating different dilutions of the collected medium.
6. Count colonies after 6 days of incubation.
Protocol for exposure bioassays
1. For grafting of larvae, dispense 300 µl of larval feed per well in a 24-well plate. Leave 6 wells empty (A1, A3, A5, D2, D4
and D6) and fill them with 500 µl of double distilled water to avoid desiccation.
2. Incubate plates 30 min at 35°C to warm them up.
3. Graft the larvae by inserting a grafting tool under the back of the larvae floating in royal jelly without touching it, and carefully deposit it on the surface of the larval feed prepared in the well plate. Deposit ten larvae per well. Note: Graft only L1 instar larvae, under 12 hours of age from hatching.
Collecting larvae from as many different populations as possible will ensure randomization, achieve homogenous treatment groups, and avoid population-specific variations.
4. For starting the experimental phase, aliquot larval feed and add the necessary volume of spore suspension, which needs to contain a defined concentration of spores to adjust a defined final spore concentration in the larval feed, e.g., to the desired lethal concentration (LC) for the infection group (Table 4) .
5. Dispense 300 µl per well of the spore-contaminated larval diet in 3 different wells. Leave 3 wells for the control group receiving non-spore contaminated larval diet during the entire experiment.
6. Set ten larvae per well. 10. Analyze the plates each day under a stereo microscope to determine the health status of the larvae.
11. Transfer remaining (living) larvae to a new plate containing pre-warmed fresh larval diet.
12. Proceed with experiment until day 14.
Since larvae increase in size during the experiment, the number of larvae per well must be decreased accordingly.
13. After defecation (at day 7-8, when light yellow secretion can be observed surrounding the larvae), transfer larvae to pupation plates. Prepare pupation plates by lining every well with laboratory tissues, leaving 6 wells free for double distilled water.
14. Larvae are classified as dead when they stop breathing (movement of tracheal openings stops) and lose body elasticity. The number of dead larvae should be reported every day.
15. To determine whether P. larvae infection caused the death of a larva, dead larvae are plated out on Columbia sheep blood agar (CSA) plates. Plates are incubated overnight at 37°C to allow the growth of vegetative bacteria only (spores need about 3 days to germinate under these conditions). Positive AFB infection will be confirmed by growth of P. larvae (see section 3.2.).
16. Further confirmation is provided by performing P. larvaespecific PCR-analysis of colonies grown from larval remains.
16.1. Pick one colony.
16.2. Dissolve it in 25 µl of double distilled water.
16.3. Boil at 95° for 10 minutes.
16.4. Centrifuge for 10 minutes at 9,500 rcf.
16.5. Supernatant can be used as template for PCR (see section 3.2.2.).
Analysis of generated data
In order to evaluate compiled experimental data, two different analyses to measure virulence can be performed. The first virulence indicator is the lethal concentration (LC) value (Thomas and Elkinton, 2004), which indicates the spore concentration at which 50% (LC 50 ) or 100% (LC 100 ) of the individuals are killed. To calculate this measure, the proportion of dead larvae from the number of exposed larvae is plotted against spore concentration. From such graphs, one can to estimate the spore concentration needed to kill a given proportion of the exposed population. These graphs also allow to deduce -for a certain analysed strain -the approximate spore concentration present when a specific percentage of the exposed population is dead. Another measure of virulence is the lethal time (LT) (Thomas and Elkinton, 2004) which is the time it takes the pathogen to kill 50% (LT 50 ) or 100% (LT 100 ) of the infected animals. In order to obtain this measure, the time course of infection must be determined.
Cumulative mortality per day is calculated as percentage of all individuals which died from P. larvae infection during the course of the experiment (total number of P. larvae-killed animals until the end of the experiment). Average values are calculated every day from at least three independent replicates, and plotted against every time point (day post-infection).
Experimental infection of a bee colony
Colony assays of AFB prevalence can be used to determine the efficacies of antibiotics and other treatments as well as the resistance traits of specific colonies.
Inoculation with known spore concentration solution
Below is one protocol for a field evaluation of AFB prevalence, derived from Evans and Pettis (2005) 
Inoculation with diseased brood
If it is not important to inoculate colonies with a known quantity of 
Colony resistance
It is important to test the viability of the AFB spores used to challenge the colony. A lack of clinical symptoms after challenge may be due to colony resistance (Spivak and Reuter, 2001) or the use of non-viable spores.
 An indirect way to test for colony resistance to AFB is to assay the colony for hygienic behaviour using the 24 h freeze-killed brood test, as outlined in the BEEBOOK paper on queen rearing and selection (Büchler et al., 2013) . Colonies that remove > 95% of the freeze-killed brood within 24 hours, over two repeated tests, are likely to demonstrate resistance to AFB.
 It has not been established whether colonies that remove > 95% of pin-killed brood (another assay for hygienic behaviour) are also likely to be resistant to AFB. This needs to be tested. The state-of-the-art-analysis of qRT-PCR data relies on normalized and calibrated relative quantities (Vandesompele et al., 2002; Hellemans et al., 2007) . In order to normalize the qRT-PCR data on target genes, normalization factors (NFs), based on the geometric mean of converted threshold cycle values (Ct-values), need to be calculated for each sample. Before calculating NFs, one has to decide how many reference genes should be included in this calculation. This decision is based on the expression stability of candidate reference genes under all examined experimental conditions. Therefore, the protocol below describes how to select reference genes for P. larvae.
Reference gene selection
Sample collection and storage
1. Grow at least ten independent P. larvae cultures for each condition to be analysed with qRT-PCR.
2. Centrifuge cultures for 5 min at 8,000 x g and 4°C.
3. Pour off the supernatant.
Resuspend the bacterial pellet in RNAlater solution (Ambion).
5. Incubate for approximately half an hour on ice.
6. Divide the suspension in aliquots.
7. Centrifuge aliquots for 2 min at 8,000 x g and 4°C.
8. Store at -80°C.
RNA and cDNA preparation
1. Centrifuge thawed aliquots for 2 min at 6,500 x g and 4°C.
2. Resuspend bacterial pellets in TE buffer with Lysozyme (15 mg/ml) and Proteinase K (Qiagen).
3. Vortex for 10 sec. 6. Elute RNA with 30 µl RNase-free water.
7. Store at -80°C.
8. Convert RNA to cDNA with RevertAid First Strand cDNA Synthesis Kit (Fermentas), using random hexamer primers. . Selected candidate reference genes for P. larvae are listed in Table 5 .
Primer design and secondary structures
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qRT-PCR reactions
For a single reaction, assemble the following components (total volume: 15 µl/reaction): 
qRT-PCR analysis
Analyze the reference gene stability with geNorm PLUS within qBase PLUS (Vandesompele et al., 2002; Hellemans et al., 2007) using targetspecific amplification efficiencies.
Differential gene expression
Sample collection and storage (except for the recommendation of ten cultures), RNA and cDNA synthesis, in silico primer design and secondary structure evaluation, and qPCR experimental procedures (reactions, program and analysis, except for geNormPLUS analysis)
are essentially the same for the study of differential gene expression by qRT-PCR as described in section 5.1.1. for reference gene selection.
Comparative genome analysis within the species Paenibacillus larvae using suppression subtractive hybridization
Suppression subtractive hybridization (SSH) is a powerful tool for elucidating genomic sequence differences among closely related bacteria. SSH is a PCR-based DNA subtraction method which was originally developed for generating differentially regulated or tissuespecific cDNA probes and libraries (Diatchenko et al., 1996) . However, it has also been successfully adapted for bacteria, especially for the and avirulent strains of bacterial pathogens (Zhang et al., 2000) . SSH has also led to the identification of pathogenicity islands (Hacker et al., 1997) The principle of any SSH analysis is that one genome putatively containing additional genes (the so-called 'driver') is subtracted from the other genome ('tester') with the result that the additional sequences specific to the tester remain and can be visualized via PCR.
For SSH analysis, genomic DNA of P. larvae grown in liquid culture of brain heart infusion broth (BHI broth, see section 3.1. for recipe) is used. Since the quality of the genomic DNA is of crucial importance, special kits for DNA extraction of Gram-positive bacteria (e.g. The ends of the adaptors lack a phosphate group, so only one strand of each can be ligated to the 5' end of the tester DNAs.
3. For the first round of hybridization, mix each pool of adaptorligated tester-fragments with a 50-100-fold excess of driverfragments.
4. Incubate the mixed samples at 98°C for 90 sec.
(denaturation).
5. Incubate at 65°C for 90 min (annealing).
6. In the second round of hybridization, mix both pools without denaturation.
7. Incubate overnight at 65°C to allow free tester-fragments from both pools to form heterohybrids (hybridization of complementary tester DNAs with different adaptors (Akopyants et al., 1998)).
8. Add freshly denatured driver to the mixture. For the first PCR, the primer 1 (5'-CTAATACGACTCACTATAGGGC-3') is used. For the second PCR, the nested primer 1 (5'-TCGAGCGGCCGCCCGGGCAGGT-3') and the nested primer 2R (5'-AGCGTGGTCGCGGCCGAGGT-3') are used.
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. To obtain a library of tester-specific sequences, secondary PCR products -i.e., clone tester specific DNA fragments -are then cloned into appropriate vectors (e.g. pCR2.1TOPO
vector, Invitrogen, containing an ampR gene).
12. Transform into competent E. coli (e.g. TOP10 cells, Invitrogen) following the manufacturer's instructions.
Plate transformation mixes on agar plates supplemented with
Ampicillin (100 µg/ml) 14. Incubate overnight at 37°C.
15. Pick and grow clones individually overnight in Luria broth in the presence of Ampicillin (100 µg ml/ml) at 37°C and 300 rpm.
16. Extract plasmid DNA from these overnight cultures (e.g. by using the Qiagen plasmid mini kit).
17. The presence of inserted P. larvae DNA can be verified by restriction digestion. In the case of pCR2.1TOPO, perform digestion with EcoRI.
18. Sequence detected inserts from positive clones using appropriate primers.
For pCR2.1TOPO, use primers M13 uni (-21) 5'-TGTAAAACGACGGCCAGT-3' and M13 rev (-29) CAGGAAACAGCTATGACC.
19. To verify the specificity of the DNA fragments for the tester strain, perform a PCR with fragment specific PCR primers on DNA from the tester strain and related P. larvae strains (i.e., representatives of the same genotype).
In each subtraction, all controls recommended by the manufacturer must be performed and all must test positive. Analysis of the tester-specific sequences is performed with BLASTx (Altschul et al., 1990 (Altschul et al., , 1997 followed by functional annotation based on the COG (cluster of orthologous groups) classification (Tatusov et al., 1997 (Tatusov et al., , 2003 . O'Farrell, 1975; Klose, 1975) . Recently, it was successfully used for a comparison of the P. larvae genotypes ERIC I and II (Fünfhaus and Genersch, 2012) .
Conventional proteomics using twodimensional gel electrophoresis
Sample preparation for 2D electrophoresis uses the following protocol (Fünfhaus and Genersch, 2012):
1. Cultivate P. larvae strains to be analysed on Columbia sheep blood agar (CSA; see section 3.1. for recipe) plates for three days at 37°C.
2. To obtain a pre-culture, inoculate 3 ml brain heart infusion broth (BHI, see section 3.1 for recipe) with one bacterial colony and the cells are grown overnight at 37°C with shaking at 200 x g.
3. To obtain a 10 ml main culture, inoculate 9 ml BHI with a preculture to achieve a final OD 600 of 0.01 after adjustment to a final volume of 10 ml with BHI.
4. Incubate at 37°C with shaking at 200 x g.
5.
Monitor growth continuously by measuring OD 600 .
6. Stop growth in the late exponential phase (OD 600 0.65) by harvesting the cells via centrifugation (20 min, 5,000 x g, 4°C).
7. Wash the bacterial cell pellets three times with ice-cold PBS.
8. Resuspended in 1 ml lysis buffer (7 M urea, 2M thiourea, 4%
(w/v) CHAPS, complete protease inhibitor cocktail (Roche)). 11. Separate crude protein extracts from cellular debris by centrifugation at 16,100 x g for 25 min at 4°C.
The resulting supernatant contains the cytosolic proteins but also salts and other small charged molecules which need to be removed from the solution by precipitation.
12. Precipitate the cytosolic proteins of P. larvae with one volume 20% TCA, 2% Triton X-100 overnight at 4°C.
13. Pellet the precipitated proteins by centrifugation (16,100 x g, 25 min, 4°C).
14. Wash the pellets with 80% acetone to remove residual TCA.  500 V for 500 Vh.
 linear increase from 500 -1000 V for 1 min.
 1000 V for 1000 Vh. 
Differential proteomics of Paenibacillus larvae
Liquid chromatography coupled directly to mass spectrometry provides another means for monitoring a proteome or changes in a proteome. Such global monitoring of changes in levels of proteins in response to a stimulus (e.g. a pathogen such as P. larvae) can provide very direct insight into the molecular mechanisms employed to respond to that challenge. For example, bee larvae up-regulate expression and activation of phenoloxidase in response to a P. larvae challenge (Chan et al., 2009 ). Mass spectrometry is currently the favoured detection method for monitoring the entire protein component of a system (i.e. the proteome), and various methods exist for comparing protein expression in one state to that in another.
The most quantitative approach involves the use of stable isotopes to introduce a 'mass tag' into the proteins from two or more different conditions and then in subsequent mass spectrometric analyses, the intensities of the differently tagged forms reflect the relative quantities in the original sample. Several such labelling methods exist and are reviewed elsewhere (Ong et al., 2003) , so here we focus on the method that has been used most extensively in honey bee proteomics. It involves the reductive dimethylation of primary amines in peptides using formaldehyde isotopologues.
Assumptions: a suitable, controlled experiment should be designed to compare untreated bees/cells to equivalent samples treated with a stimulus or challenged with a pathogen. If the following steps cannot be carried out immediately, then samples can typically be stored as a cell pellet, tissue, or whole bee at -80˚C for weeks or months without protein degradation. 6. Incubate overnight at 37°C.
Clean up peptides
1. Adjust pH of overnight digestion to ~2 using 10% acetic acid.
2. For each sample, prepare a STAGE tip (Rappsilber et al., 2007) by pushing 20 µl methanol through, followed by 20 µl 0.5% acetic acid.
3. Push 10 µg total peptide mass (based on original 50 µg input) through the STAGE tip.
4. Wash each tip with 20 µl 0.5% acetic acid.
5. Elute the peptides from each tip into a clean microfuge tube with 10 µl 80% acetonitrile, 0.5% acetic acid.
6. Evaporate the solvent from each sample in a vacuum centrifuge. 8. Leave at ambient temperature in the dark for 90 min.
9. Add 20 μl of 3.0 M NH 4 Cl.
Expression of heterologous proteins in
Paenibacillus larvae
The understanding of phenotypic differences within the species P. larvae (Genersch and Otten, 2003; Genersch et al., 2005; Neuendorf et al., 2004; Rauch et al., 2009 ) and the role of genotype-specific putative virulence factors (Fünfhaus et al., 2009; Fünfhaus and Genersch, 2012) have been hampered by the lack of molecular tools allowing genetic manipulation of this pathogen.
To functionally analyse putative virulence factors during bacterial pathogenesis, the corresponding genes need to be disrupted, manipulated, or labelled for specific visualisation. Likewise, the expression of homologous or heterologous proteins in P. larvae would be a valuable tool to further study the molecular pathogenesis of P. larvae infections. Recently, the first protocol for the expression of a foreign protein (green fluorescent protein, GFP) in P. larvae has been described (Poppinga and Genersch, 2012) . Since GFP expression is one of the most successful molecular tools to specifically label proteins and to visualize them under native conditions (Tsien, 1998), this can be considered a breakthrough in AFB research. Constitutive expression of GFP in P. larvae will help to visualize and quantify bacterial cells in larval experiments. Additionally, GFP-fused virulence factors that are expressed during infection can be detected and visualised in and/or outside the bacterial cell.
Transformation of Paenibacillus larvae
For this purpose plasmid pAD43-25 (BGSC, Bacillus Genetic Stock Center), carrying the gene sequence for a GFP variant (gfpmut3a), was transformed into wild type P. larvae strains ATCC9545 and 04-309 representing both relevant genotypes ERIC I and ERIC II, respectively (Genersch et al., 2005 (Genersch et al., , 2006 . Plasmid pAD43-25 functions as an E.
coli/Gram-positive shuttle vector and enables bacteria to constitutively express the GFP variant gfpmut3a (Dunn and Handelsman, 1999) .
High level constitutive expression of mutant GFP in vegetative cells is facilitated by the Bacillus cereus UW85 Pupp promoter upstream of gfpmut3a. Mutant gfpmut3a has an optimal excitation wavelength of 498 nm and the plasmid contains a chloramphenicol resistance cassette.
The first critical step of the molecular manipulation of P. larvae is the uptake of foreign DNA, e. g. plasmid DNA. Because P. larvae is a gram-positive bacterium, transformation needs a high voltage electric pulse for a successful uptake of foreign plasmid DNA. For this purpose electrocompetent bacterial cells need to be prepared as described by Murray and Aronstein (2008) :
1. Grow P. larvae cultures to early exponential phase (OD 600 0.3).
2. Harvest by centrifugation.
3. Wash bacterial pellets three times using 0.625 M sucrose. 11. Determine the number of colony forming units (cfu) after 3 days.
Detection of GFP-expression
For GFP detection in the vegetative recombinant P. larvae isolates ATCC9545 (ERIC I) + pAD43-25 and P. larvae 04-309 (ERIC II) + pAD43-25, clones can be cultivated and analysed during different stages of growth in liquid MYPGP media (Dingman and Stahly, 1983) , supplemented with 5 µg/ml chloramphenicol. In each bacterial stage of growth, 10 µl aliquots of the suspension are analysed bright field microscopically using differential interference contrast (DIC).
Fluorescence activity is detected by a FITC filter block (e.g. Nikon Ti-E Inverted Microscope). All stages of growth are analysed and it can be observed that the rate of gfpmut3a expressing P. larvae clones remains stable throughout the logarithmic as well as the stationary growth phase, indicating that plasmid pAD43-25 is correctly replicated throughout bacterial growth.
Expression of GFP remained stable even after sporulation and germination. This is an essential prerequisite for using recombinant bacteria in infection assays because only spores can be used for infection, and the vegetative bacteria inside the larvae should still carry and express the introduced gene.
Fluorescent in situ hybridization for the detection of Paenibacillus larvae
Recently, Yue and collaborators (Yue et al., 2008) described a P. larvae specific method based on a previously described general technique of fluorescence in situ hybridization (FISH) (Moter et al., 1998) The following protocol provides a method to fix and embed larval tissues, in order to obtain histological sections, as well as for further processing these sections by fluorescence in situ hybridization.
Preparation and embedding of larval tissues
1. Perform infection assays as described in section 4.1.
2. Wash each larva for 5 seconds with 100% ethanol. 9. Perform infiltration and embedding using Technovit 8100 according to manufacturer´s instructions.
10. Cut 4 µm-sections using a microtome, straighten them with warm sterile water on slides.
11. Store slides at 4°C until further use.
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Performing fluorescence in situ hybridization
1. Sections should be rehydrated and prepared for hybridization as follows in order to improve permeability:
1.1. Wash slides with xylene 3 x 10 min.
1.2. Wash slides with 100% ethanol 3 x 3 min.
1.3. Wash slides with 90% ethanol 2 x 3 min.
1.4. Wash slides with 80% ethanol 2 x 3 min.
1.5. Wash slides with 70% ethanol 1 x 3 min.
1.6. Wash slides with 50% ethanol 2 x 3 min.
1.7. Wash slides with double distilled water (DEPC) 2 x 3 min.
1.8. Incubate slides with 1 mg/ml Proteinase K in 0.2M Tris-HCl (pH 7.9) for 5 min at 37°C in a humid chamber.
1.9. Incubate slides with 1 mg/ml lysozyme in DEPC doubledestilled water for 15 min at 37°C in a humid chamber. 3. Cover with slip and transfer to a Corning chamber.
4. Dispense double-distilled water into the cavities of the chamber and close it.
5. Incubate in a humid chamber at 46°C from 4 h to overnight.
6. Carefully remove cover slip in 1X PBS.
7. Wash slides three times with 1X PBS.
8. Add 50 µl of DAPI solution (1 µg/ml in methanol) to each slide.
9. Cover again.
10. Incubate at RT for 10 min.
11. Remove cover slip in 1X PBS and wash slides three times with 1X PBS.
12. Mount slides with antifade reagent.
Final remarks
In the past decade, different basic issues related to American foulbrood have been addressed, including the reclassification of its aetiological agent (Genersch et al., 2006; Ashiralieva and Genersch, 2006) , the development of methods for genotyping (Genersch and Otten, 2003; Alippi et al., 2004; Genersch et al., 2006; Antúnez et al., 2007) and the annotation of its genome sequence (Qin et al., 2006; Chan et al., 2011) . The latter permitted the introduction of techniques for studying the bacterial transcriptome and proteome. Candidate reference genes and the methods to select them have been described in this paper. The availability of a protocol for heterologous expression of foreign proteins in P. larvae can be considered a great breakthrough in AFB research (Poppinga and Genersch, 2012) . Nevertheless, we are only at the start of understanding the intimate relationship between P. larvae and its host. We hope that methods that are presented in this paper can help scientists to further explore the secrets of American foulbrood disease in honey bees.
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